-LW, and -YR) and nodularin to be distinguished from okadaic acid, calyculin A, and tautomycin. A range of microcystin-and nodularin-containing laboratory strains and environmental samples of cyanobacteria were assayed by CIPPIA, and the results showed good correlation (R 2 ‫؍‬ 0.94, P < 0.00001) with the results of high-performance liquid chromatography with diode array detection for toxin analysis. The CIPPIA procedure combines ease of use and detection of low concentrations with toxicity assessment and specificity for analysis of microcystins and nodularins.
Cyanobacteria (blue-green algae) produce a wide range of secondary metabolites which are hazardous to humans, livestock, and wildlife (2) . Among these are a group of potent hepatotoxins, the microcystins and nodularins. Several bloomforming cyanobacterial genera are capable of producing these toxins; these genera include Microcystis, Anabaena, Planktothrix, and Nostoc, which can produce the cyclic heptapeptide microcystins, and Nodularia, which can produce the cyclic pentapeptide nodularins. The toxins have a number of common structural features, in particular, the unique ␤-C20 amino acid 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (3, 9) .
At the molecular level, microcystins bind irreversibly to and inhibit several serine/threonine protein phosphatases, including protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) (17) . Reports of animal intoxication and human illness from around the globe (9) and, more recently, the deaths of more than 50 hemodialysis patients in Caruaru, Brazil, have been linked to the presence of microcystins in water (7, 11, 20) . There is a need for increased awareness and enhanced ability to detect these toxins for protection of health and management of bodies of water which are prone to cyanobacterial bloom development (3) . Several detection methods are currently in use; these methods include high-performance liquid chromatography (HPLC) (13) , small-animal bioassays (5) , and enzyme inhibition assays (1, 22) . The ability of microcystins to inhibit certain protein phosphatases has led to the development of a number of straightforward assays for detection and quantification of these toxins. Protein phosphatase inhibition assays include the use of 32 P in the form of [ 32 P]glycogen phosphorylase (10, 12) and colorimetric protein phosphatase inhibition assays (1, 22) . The colorimetric assays may utilize the ability of the catalytic subunit of PP1, as expressed in Escherichia coli (23) , to dephosphorylate the chromogenic substrate p-nitrophenylphosphate. However, the protein phosphatase inhibition assays used for detection and analysis of cyanobacterial hepatotoxins also respond to a wide variety of noncyanobacterial toxins and metabolites, including okadaic acid, tautomycin, and calyculin A. The lack of specificity of the protein phosphatase inhibition assays for cyanobacterial hepatotoxins requires that additional confirmatory analytical methods be employed for specific analysis of these toxins. However, the protein phosphatase inhibition assay remains a useful screening assay based on both ease of use and the toxicological information which it provides (1, 3).
Immunoassays using polyclonal (4, 8) and monoclonal (19) antibodies in enzyme-linked immunosorbent assay (ELISA) formats are also used for detection of the cyclic peptide hepatotoxins. These assays show greater specificity than protein phosphatase inhibition assays but do not indicate the relative toxicities of microcystin and nodularin variants. Previous studies employing the ability of microcystin-LR antibodies to bind to microcystins and nodularin have revealed in vitro protection of PP1 activity (16) and PP2A activity (15, 19) from inhibition by these toxins and prevention of in vivo toxicity (19) .
In this paper, we describe a novel colorimetric protein phosphatase inhibition assay, termed the colorimetric immuno-protein phosphatase inhibition assay (CIPPIA). This assay provides a rapid, easy-to-use detection method for microcystins and nodularins, which indicates the relative toxicity of the PP1 inhibitor, and the immunospecificity provided by antibodies raised against microcystin-LR. The assay was validated with eight purified cyanobacterial toxins which inhibit PP1 and with noncyanobacterial PP1 inhibitors. In addition, extracts from cyanobacterial laboratory strains and environmental samples were assayed by the CIPPIA, and the results were compared to the results of an analysis of the same extracts by HPLC with diode array detection (DAD).
MATERIALS AND METHODS

Sources of cyanobacterial toxins and other protein phosphatase inhibitors.
Microcystin variants (microcystin-LR, -D-Asp 3 -RR, -LA, -LF, -LY, -LW, and -YR) and nodularin were purified from lyophilized hepatotoxic laboratory strains of cyanobacteria (13, 14) . Okadaic acid, tautomycin, and calyculin A were purchased from Calbiochem (Novabiochem, Nottingham, United Kingdom).
Preparation of antisera. A microcystin-LR-keyhole limpet hemocyanin conjugate was prepared and polyclonal antiserum was raised in female Dutch rabbits as described elsewhere (18) . The preimmune serum and polyclonal antiserum were partially purified by ammonium sulfate precipitation (8, 18) . Microcystin-LR antiserum and preimmune serum were dialyzed separately against 0.1 M sodium phosphate-buffered saline (pH 7.4) for 1 h and then with fresh buffer for 24 h and stored at Ϫ20°C.
Neutralization of the inhibitory activity of microcystin-LR against PP1. Solutions of purified microcystin-LR (0 to 1,000 g liter
Ϫ1
) were prepared by using Milli-Q (Millipore) water. These standards were preincubated separately at 37°C with microcystin-LR antiserum and preimmune serum for 1 h in 96-well polystyrene flat-bottom microplates (Greiner Labortechnik Ltd., Stonehouse, United Kingdom). The recombinant catalytic subunit of PP1 from rabbit skeletal muscle, expressed in Escherichia coli (23) , was diluted in buffer containing 50 mM Tris-HCl, 1 mM Na 2 EDTA, 2 mM MnCl 2 , 0.5 g of bovine serum albumin per liter, and 0.1% (vol/vol) ␤-mercaptoethanol, the pH was adjusted to 7.4, and 10 l was added to each well. para-Nitrophenylphosphate (20 mM; Sigma Chemical Co., Poole, United Kingdom) was dissolved in assay buffer containing 50 mM Tris-HCl, 0.2 mM MnCl 2 , and 20 mM MgCl 2 adjusted to pH 8.1. The assay was then performed as previously described for 21 min with a constant rate of para-nitrophenol (p-NP) production (22) .
Development of the CIPPIA. The ability of microcystin-LR antiserum to protect PP1 from the inhibitory action of microcystin-LR and related cyanobacterial toxins was used as the basis for the CIPPIA procedure. A typical assay was performed as follows. Ten-microliter portions of the microcystin-LR standard were pipetted into the wells of a microtiter plate. For each standard and unknown sample, six wells were loaded. Microcystin-LR antiserum was diluted 1/200 with assay buffer, and 10-l portions were added to three of the six wells. Ten-microliter portions of null serum at a 1/200 dilution were added to the remaining three wells. The microcystin-serum mixtures were covered and incubated for 15 min at 37°C. After this, the plate was removed from the incubator, and the colorimetric protein phosphatase inhibition assay was performed (22) .
The effect of the methanol concentration of the sample on the CIPPIA was investigated as this solvent is frequently used to extract microcystins from cyanobacterial bloom material (13, 14, 22) . A microcystin-LR standard (40 g liter
) was prepared with increasing methanol concentrations (0 to 100% [vol/ vol]). The preparations were then assayed by the CIPPIA.
Characterization of the CIPPIA using cyanobacterial toxins and other PP1 inhibitors. The ability of anti-microcystin-LR antibodies to prevent inhibition of PP1 by microcystin-LR was compared with the abilities of other purified cyanobacterial toxins which are PP1 inhibitors and noncyanobacterial PP1 inhibitors (tautomycin, calyculin A, and okadaic acid). The CIPPIA was performed as described above.
Characterization of PP1 inhibitors with a PI. A protective index (PI) was devised to quantify the degree of protection from the activity of each purified toxin or inhibitor which the preincubation step in the presence of microcystin-LR antiserum provided to PP1. This was done by comparing the PP1 activity in the presence of the inhibitor after incubation of the sample with either preimmune serum or microcystin-LR antiserum. The rates involved were constant for the time period used (21 min). The PI was calculated as follows:
, where %Act AS is the rate of p-NP production in the protein phosphatase inhibition assay for PP1 inhibitors after incubation with microcystin-LR antiserum, expressed as a percentage of the microcystin-free control value; %Act NS is the rate of p-NP production in the protein phosphatase inhibition assay for PP1 inhibitors after incubation with null (preimmune) serum, expressed as a percentage of the microcystin-free control value; and %Inhib NS is the rate of p-NP production in the protein phosphatase inhibition assay for PP1 inhibitors after incubation with null serum subtracted from the rate of p-NP production by the microcystin-free control, expressed as a percentage of the microcystin-free control value.
For PP1 inhibition which is due solely to microcystins and nodularins, a theoretical PI value of 1.00 should be recorded. A theoretical PI value of 0 would be expected if the inhibition was due to compounds not bound by the microcystin-LR antiserum. In practice, PI values greater than 1.00 are possible if the activity of PP1 in the presence of antiserum is greater than the rate in the control wells. As PI values are calculated as a function of PP1 reaction rates, the PI value does not change with the degree of PP1 inhibition, although high PI values can be achieved if there is minimal inhibition of PP1.
Detection of microcystins and nodularins in extracts of cyanobacterial strains and blooms. Laboratory strains of cyanobacteria were maintained and grown for experimental purposes in BG11 medium (21) as described previously (22) . Cyanobacterial bloom material was obtained from freshwater lakes and reservoirs in England and South Africa and harvested by centrifugation. All material was lyophilized. Extracts were prepared from lyophilized material by using 70% (vol/vol) methanol and were centrifuged at 14,000 ϫ g for 10 min in an Eppendorf 5415 centrifuge, and the resulting supernatants were evaluated by CIPPIA and HPLC with DAD (13) .
RESULTS
Preincubation of polyclonal microcystin-LR antiserum with purified microcystin-LR was found to completely neutralize the inhibitory effect of this toxin when PP1 was added up to a microcystin-LR concentration of 100 g liter Ϫ1 (Fig. 1a) . The ability of microcystin-LR antiserum to bind microcystin-LR and thereby protect PP1 from subsequent inhibition by the toxin was dependent upon the antiserum concentration. Preincubation of microcystin-LR with preimmune serum did not prevent inhibition of the PP1 enzyme. At a higher microcystin-LR concentration (500 g liter Ϫ1 ), microcystin-LR antiserum at a 1/200 dilution was not able to completely prevent inhibition of PP1 activity by the toxin. However, the PP1 activities at this concentration of microcystin-LR were still higher if preparations were preincubated with a 1/200 dilution of microcystin-LR antiserum compared to toxin at equivalent concentrations preincubated with preimmune serum (Fig. 1a) . The high microcystin-LR concentrations were beyond the linear detection range of the standard colorimetric protein phosphatase inhibition assay (1, 22) . Calculating the differences in PP1 activity between assays that included microcystin-LR incubated in the presence of preimmune serum and assays that included microcystin-LR incubated in the presence of microcystin-LR antiserum and multiplying the values by the microcystin-LR equivalent concentration used to inhibit PP1 revealed that there is a dose-response relationship between complete theoretical protection of PP1 and complete theoretical inhibition of PP1 (Fig. 1b) . At microcystin-LR concentrations greater than 100 nM, the calculated functions for PP1 and microcystin-LR showed values of 46,000, 28,000, 10,000, 4,000, and 0 for complete theoretical protection, 1/100, 1/200, and 1/500 dilutions of antiserum, and theoretical complete inhibition, respectively (Fig. 1b) .
Once the CIPPIA had been optimized, the effect of sample methanol concentration on the ability of microcystin-LR antibodies to bind toxin and the ability of PP1 to dephosphorylate para-nitrophenylphosphate were studied (data not shown). The methanol concentration of the sample did not significantly affect either the activity of the enzyme or the ability of micro-
TOXICITY-BASED IMMUNOASSAY FOR MICROCYSTINS 905 cystin-LR antiserum to bind this toxin. Thus, samples dissolved in 100% (vol/vol) methanol can be incubated in the presence of microcystin-LR antiserum, resulting in a final methanol concentration of 50% (vol/vol), which does not interfere with the PP1 inhibition assay (data not shown) (PI Ն 1.00; microcystin-LR concentration, 40 nM).
To characterize the specificity of the reduction in the percentage of inhibition of PP1 activity by microcystin-LR antiserum if preparations were preincubated in the presence of microcystin-LR, several related cyanobacterial toxins and noncyanobacterial PP1 inhibitors were studied (Table 1) . For example, tautomycin inhibited PP1 activity, as did the other noncyanobacterial protein phosphatase inhibitors, regardless of whether preimmune serum, assay buffer, or microcystin-LR antiserum was used during preincubation with these inhibitors. The inability of the microcystin-LR antiserum to protect PP1 from inhibition by tautomycin, calyculin A, and okadaic acid was demonstrated by the low PI values obtained (0.02 to 0.18) ( Table 1 ). The effect of the antiserum on inhibition of PP1 by these noncyanobacterial protein phosphatase inhibitors and toxin was negligible compared to the results of tests with the microcystin variants and nodularin. Of the microcystins, microcystin-D-Asp 3 -RR gave the lowest PI value (0.80), and the PI values for the other toxins were as high as 1.00 for microcystin-LY and nodularin when preparations were preincubated with microcystin-LR antiserum. Based on PI values, the purified microcystins and nodularin were thus clearly distinguishable from the noncyanobacterial PP1 inhibitors.
To further investigate specific detection of microcystins and nodularins by the CIPPIA, 70% (vol/vol) methanol extracts of laboratory strains and natural blooms of cyanobacteria were examined ( Table 2 ). Of the 14 microcystin-and nodularinproducing laboratory strains studied, which represented four cyanobacterial genera, 12 (86%) resulted in PI values that were similar to or greater than the values obtained with purified microcystins and nodularin. Only two laboratory strains, DUN 901 (Nostoc sp.), and PCC 7804 (Nodularia sp.), produced PI values slightly lower than that achieved with purified microcystin-D-Asp 3 -RR. The three microcystin-containing natural bloom samples tested all produced PI values which were 1.00 or greater, indicating that microcystins were present and responsible for the inhibition of PP1. This was confirmed by HPLC with DAD (Table 2) .
Linear regression analysis of the relationship between microcystin-LR equivalents, as determined by HPLC with DAD and by protein phosphatase inhibition solely in the presence of preimmune serum, revealed that the amounts of microcystin-LR equivalents were overestimated by the protein phosphatase inhibition assay (Fig. 2) . However, the results of microcystin-LR equivalent determinations by the two methods were variable (Table 2 ). This was indicated by the gradient of the linear regression line (1.25), but the correlation coefficient revealed a good fit (R 2 ϭ 0.94, P Ͻ 0.00001). To improve this technique, preimmune serum was replaced with 70% methanol or assay buffer as the diluent for negative preincubation in the CIPPIA. Further analysis of microcystin-LR equivalents by HPLC with DAD and protein phosphatase inhibition in the presence of microcystin-LR antiserum (Fig. 2) revealed a large bias towards microcystin-LR equivalents when HPLC with DAD was used. Linear regression analysis revealed a gradient of 0.07 and an R 2 value of 0.82 (P Ͻ 0.0001), indicating that preincubation of microcystin-LR antiserum prevented the microcystin and nodularin variants from inhibiting the PP1 enzyme.
DISCUSSION
A developing awareness of the health risks posed by cyanobacterial hepatotoxins and the increasing anthropogenic eutrophication of potable and recreational waters (2) have increased the need for rapid, sensitive, and cost-effective methods for detection of these toxins. The colorimetric protein phosphatase inhibition assay has a number of features that are valuable for this purpose. It is more sensitive than classical methods, such as mouse (intraperitoneal) and other bioassays, and includes toxicity as a component for detection. Compared with HPLC methods, the need for large concentration steps is removed, and the unit cost of the colorimetric protein phosphatase inhibition assay and the level of expertise required to perform the assay are markedly lower (3). However, the protein phosphatase inhibition assay alone is not specific for cyanobacterial toxins. It responds to a wide range of additional protein phosphatase inhibitors (3) . The use of antibodies in ELISA applications provides specificity, unlike the protein phosphatase inhibition assay. One drawback of current ELISA procedures, however, is that they do not provide information on the toxicity of the analytes being detected. The CIPPIA procedure aims to combine the advantages of the protein phosphatase inhibition and ELISA methods. Further improvements may involve the use of affinity-purified microcystin-LR antibodies, but as there are at present more than 65 known variants of microcystin (9a) and as keyhole limpet hemocyanin has not been shown to inhibit PP1, a wider variety of epitopes raised ) were prepared in 70% methanol. Extracts were preincubated separately in the presence of preimmune (null) serum or microcystin-LR antiserum after appropriate dilution for the assay.
d ND, not detectable.
against microcystin-LR may improve this screening method. Furthermore, for routine screening the protective incubation step may be omitted unless positive inhibition of PP1 occurs. The positive sample should then be reassayed with the protective step included to ascertain the class of toxicant. The use of antimicrocystin antibodies in a protein phosphatase inhibition assay has been shown to identify microcystin-LR and related compounds and to distinguish them from noncyanobacterial inhibitors of PP1 (16) and PP2A (15, 19) . The CIPPIA described here combines determination of toxicity with determination of immunospecificity for microcystins and nodularin. The combination of these two detection methods should provide the validation which is required for both determination of the toxicity of an environmental sample and specific identification of the class of toxicant(s) detected (6). Using the assay described here, we distinguished several purified microcystin variants and nodularin from okadaic acid, calyculin A, and tautomycin of noncyanobacterial origin. Calculation of a simple PI allowed samples of cyanobacterial strains and environmental blooms to be quantitatively assessed for microcystin content. All eight purified cyanobacterial toxins were detected by the CIPPIA and had PI values of 0.80 to 1.00 (Table 1) . When the applicability of CIPPIA analysis was investigated, 15 of the 17 hepatotoxin-containing cyanobacterial extracts produced PI values which were equal to or greater than those obtained with the purified cyanobacterial PPI inhibitors. The PI values of the remaining two samples were only marginally less than those of the toxin standards and significantly greater than the PI values for noncyanobacterial toxin protein phosphatase inhibitors (Table 2) . Although the PI values were greater than 1.00 in some cases, this was thought to be due to the nature of the protein phosphatase inhibition assay and may also be accounted for by experimental error, such as pipetting of the enzyme. For actual quantitation of microcystins or nodularins, toxin concentrations can be estimated with reference to values for toxin standards determined by the CIPPIA performed with null serum, as indicated by comparison with HPLC-DAD analysis (Table 2 and Fig. 2) . Furthermore, a comparison of the detection limits indicated that the CIPPIA is about 40 times more sensitive than HPLC with DAD; the detection limits, without sample concentration, were 10 and 400 g liter Ϫ1 , respectively. Recently, we have reduced the protein phosphatase inhibition detection limit to below the 1-g liter Ϫ1 provisional guideline for drinking water (World Health Organization 1997) to permit specific toxicological testing for microcystins at around this concentration when the CIPPIA is used.
For rapid specific screening of cyanobacterial hepatotoxins, the combination of immunodetection and toxicity-based protein phosphatase inhibition in the CIPPIA provides a useful addition to the methods already available for detection of cyanobacterial hepatotoxins. The CIPPIA may also be used to screen for possible toxins and inhibitors from cyanobacteria and other sources which are not microcystins or nodularins, either by the assay described here or by using specific antibodies against other PP1 inhibitors. When used in conjunction with methods such as HPLC and assays for cyanobacterial neurotoxins, the CIPPIA is a useful first screening method for cyanobacterial cyclic peptide hepatotoxins in laboratory cultures and environmental samples.
